The infrared spectral region between 1.5 and 3.5 µm is of great interest for a number of applications including military imaging, gas sensing and free space communications. Recently InAs has been demonstrated to operate as an excellent avalanche photodiode (APD) over this spectral range with single carrier multiplication and low excess noise [1, 2] . However current commercial InAs photodiodes, for example the Judson J12 series, cannot be operated in the avalanche mode due to a rapid increase of dark current with bias.
Introduction:
The infrared spectral region between 1.5 and 3.5 µm is of great interest for a number of applications including military imaging, gas sensing and free space communications. Recently InAs has been demonstrated to operate as an excellent avalanche photodiode (APD) over this spectral range with single carrier multiplication and low excess noise [1, 2] . However current commercial InAs photodiodes, for example the Judson J12 series, cannot be operated in the avalanche mode due to a rapid increase of dark current with bias.
Previously reported InAs mesa APDs have been fabricated using wet chemical etching techniques [1] . While at room temperature the bulk current is dominant in these APDs with diameters above 50 μm, further improvement in the fabrication is desirable to suppress the surfacee leakage current in small area APDs, such as 25 μm x 25 μm or smaller to pave the way for development for InAs APD arrays. In addition the surface leakage becomes increasingly dominant as the bulk current reduces at low temperature hindering the low temperature performance of InAs APDs. A potential method to reduce the surface leakage current and hence increase the device reliability is to fabricate planar photodiodes, as commonly employed in the fabrication of HgCdTe photodiodes [3] .
In this paper we investigate the potential to fabricate planar devices through the use of ion implantation. This technique has previously been used in wider bandgap semiconductors such as GaAs and InP to form planar devices and define device active regions in the fabrication of HEMTs, IMPATT diodes and in defining buried heterostructures in laser diodes.
In this work we investigate the use of Helium implantation to form highly resistive regions allowing the realisation of planar devices. We evaluate the effect of implantation and subsequent annealing on the sheet resistance InAs, before investigating the possibility of using this technique to create planar photodiodes.
Results: InAs samples consisting of either a 2 µm p + (or n + ) doped layer, grown on an InAs substrate by Metal Organic Vapour Phase Epitaxy (MOVPE), were implanted with He. Multiple implantation energies and doses were used to create a flat damage distribution of approximately 1.7 % up to a depth of just over 2 µm. The samples were cleaved into a series of smaller pieces which underwent annealing in an RTA for 30s in the temperature range 350 -700 o C, with the wafers sandwiched between two carrier wafers to prevent diffusion of the InAs. Figure 1 shows the resistivity of the p + and n + layers, as determined from TLM measurements, as a function of the annealing temperature. It can clearly be seen that upon He implantation and annealing the resistivity of the p+ layer increases by 7 orders of magnitude compared to the as grown reference. For the n+ sample a different behaviour is observed with resistivity initially increasing by a factor of about 5 upon implantation before decreasing steadily as the annealing temperature is increased. The reason for this difference is unclear however it seems likely that upon implantation in the n + sample a series of shallow levels are formed resulting in a high hoping conduction across the InAs.
From these results it is clear that the resistivity of p-doped InAs layers can be increased to a greater extent by He implantation as such a p-i-n structure used was also grown and underwent implantation to investigate the potential to realise planar photodiodes. A set of reference pin diodes were fabricated using our standard wet etching recipes to define the mesa diodes with radii between for 25 to 200 μm. For the ion implantation samples a layer of 2.5 µm thick SiN was deposited on a set of diodes with circular metal contacts of various sizes prior to ion implantation using similar ion implant conditions described previously, the sample was then cleaved up before undergoing annealing with the same conditions as previously discussed. We have performed measurements on the dark currents of p-i-n phototodiodes fabricated using standard etching techniques and He implantation. We find that for as implanted devices exhibit a higher a dark current which does not scale with device area, indicating the presence of surface leakage paths. However upon annealing we find that the dark currents reduce and with an optimal annealing temperature of around 400 o C scale with device area. This indicates that post implantation annealing allows the resistivity to increase to sufficient values to enable the diodes to be electrically isolated. To further investigate the device potential we have also measured the external quantum efficiency at low voltages, as shown in fig. 2 . All the diodes show an increase in the efficiency as the voltage is increased from 0 to 0.5 V. The values obtained in the reference mesa diode as well as those implanted and annealed at 350 and 450 o C are similar. This increasing efficiency is attributed to the increase in carrier collection efficiency as the depletion region widens with bias voltage. The efficiency approaches 40% at high bias voltage. The 'asimplanted' and the 550 o C annealed samples show a dramatic decrease in the efficiency. The fall in efficiency in these diodes seems surprising, as the He was implanted into regions surrounding the devices and was not expected to influence the optical performance. We believe this low quantum efficiency may be qualitatively explained by the large RC time constant in the 'as-implanted' and 550 o C samples due to poor electrical confinement, resulting in an inaccurate measurement if the responsivity. 
Conclusion:
This work has shown that it is possible to use He implantation with InAs to produce highly resistive areas and that when combined with post implantation annealing, a sufficiently high resistive region can be formed to allow the fabrication of a planar photodiode. p-type Implanted Inital p-type n-type Implanted Inital n-type
